Moderate physical exercise (PE) combined with metabolic treatment (MT) (antioxidants and L-arginine) are well known to reduce atherosclerotic lesion formation in hypercholesterolemic mice. However, the long-term beneficial effects on unstable atheroma remain poorly understood. We started early PE training in large groups of 6-week-old hypercholesterolemic mice (by graduated swimming) alone or in combination with nutritional supplementation (1.0% vitamin E added to the chow and 0.05% vitamin C and 6% L-arginine added to the drinking water). Inactive controls did not receive PE. The spontaneous development of atherosclerotic plaque rupture (associated with advanced atherosclerosis) and survival rates were evaluated. Moderate PE elicited an increase in plasma levels of nitric oxide. Early combined treatment with PE and MT in the hypercholesterolemic mice significantly reduced lesions (also detected noninvasively at 10 months) and spontaneous atherosclerotic plaque rupture and prolonged survival more effectively than each intervention alone. Thus, early concerted actions of MT and PE improve the natural history of atherosclerotic lesions and reduce the plaque instability in hypercholesterolemic mice.
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antioxidants ͉ nitric oxide ͉ physical exercise ͉ L-arginine T here is a plethora of experimental and clinical studies supporting the evidence that moderate physical exercise (PE) is a deterrent of cardiovascular diseases and atherosclerosis (1) (2) (3) (4) (5) . In a recent study, we also provided clear evidence for the beneficial effects of graduated PE training (swimming) and metabolic treatment (MT) (antioxidants and L-arginine) on atherosclerotic lesion formation in hypercholesterolemic mice (6) . These protective mechanisms could include increased antioxidant defenses and nitric oxide (NO) bioactivity, reduced basal production of oxidants (reduced oxidative stress), and reduction of radical leak during oxidative phosphorylation (6) (7) (8) (9) (10) . Basically, early oxidation-sensitive mechanisms are associated with early stages of human atherogenesis (10) (11) (12) , and these observations suggest that novel strategies could be developed in the primary prevention of atherosclerotic-related diseases. Another study (13) also provided direct evidence that inactivity enhances vascular oxygen radical production, endothelial dysfunction, and atherosclerosis in hypercholesterolemic mice. Thus, graduated PE can increase NO bioavailability and convey benefits in vasculoprotection (6, 14, 15) . NO generated in this way may even scavenge overwhelming radicals, such as superoxide anion, thereby preventing tissue damage. In contrast, prolonged strenuous PE and high blood pressure reduce the cyclic pulsations (physiological shear stress), thereby limiting NO production (14, 15) . NO bioavailability can be restored by antioxidants and L-arginine, the natural precursor of NO (16).
Several small-scale studies have demonstrated that i.v. Larginine augments endothelial function and improves exercise ability in patients with cardiovascular disease by enhancing vasodilation and reducing monocyte adhesion (reviewed in ref. 17) . Administration of L-arginine normalizes aerobic capacity (18) and reduces fat mass in Zucker diabetic fatty rats (19) . The lack of appropriate generation of endogenous NO is an important progression factor of atherosclerosis in mice (20) and L-arginine may reduce atherogenesis in hypercholesterolemic mice (21) . Although there is convincing evidence that moderate PE and MT have beneficial effects on atherosclerotic lesions, the long-term effects of this therapeutic approach on lesion progression remain poorly understood. The present study provides evidence for the reduction of spontaneous atherosclerotic plaque instability and rupture coupled to prolonged survival in hypercholesterolemic mice achieved by the early program administered to young mice and consisting of graduated swim training together with MT with antioxidants (vitamins E and C) and L-arginine.
Results

General Effects Afforded by Early Preventive Treatment in Hypercho-
lesterolemic Mice. Cumulative data on cholesterol levels and oxidative stress in the various groups are reported in Fig. 1 . As expected, indicators of systemic oxidative stress decreased in mice receiving PE training and MT. Indeed, plasma isoprostanes and parameters of low-density lipoprotein (LDL) oxidizability (lag time and LDL-malondialdehyde) were significantly decreased after MT, with or without the PE program (Fig. 1) . In contrast, plasma nitrite and nitrate (NOx) levels, an index of NO bioactivity, were significantly increased by concurrent graduated PE and MT. Consistent with previous findings (6), plasma cholesterol decreased in the PE groups. This decrease in cholesterol is unlikely to be due to an activation of the LDL receptor pathway because the animals used in the present study lack the receptor. PE-induced oxidative stress could promote plasma oxidation of circulating LDL and its clearance by the liver. Because a liver pathway for the catabolism of oxidized LDL has been proposed, many studies have implicated hepatic scavenger receptors in the clearance of oxidized LDL and cholesterol from plasma (7, 10) .
Effects of PE and MT on Atherosclerosis Lesion Progression and Plaque
Instability. To establish lesion progression in the various study groups, we first noninvasively evaluated the atherosclerotic lesion progression ( Table 1 ). The thoracic aorta could be visualized by MRI in great detail in all mice studied. Both mean aortic wall thickness and maximal wall thickness in mice receiving high-fat diet alone (HFD) were significantly increased compared with treated mice (Table 1) . Indeed, early graduated PE and MT improved luminal aortic and vessel wall areas (Table 1) .
After this preliminary evaluation of lesion progression, we considered the computer-assisted imaging analysis of atherosclerotic lesions at the time of death. Under the present experimental conditions, determination of atherosclerotic lesion areas confirmed the working hypothesis that graduated PE significantly decreased the progression of atherosclerotic lesions over the natural life span of the mice (Table 2 ). This effect was further improved with MT (Table 2) . Interestingly, the decrease in plasma isoprostane levels correlated well with the reduction in atherosclerotic lesion area in the group of mice receiving PE training and MT (r ϭ 0.71, P Ͻ 0.004) as did the increase in plasma NOx levels (r ϭ 0.65, P Ͻ 0.01). More importantly, the occurrence of spontaneous plaque rupture and organizing thrombi on atherosclerotic plaques was significantly reduced in treated mice compared with untreated mice ( Table 2 ). The group of mice receiving graduated PE and MT showed pronounced protection against unstable atheroma. These events occurred primarily in abdominal aorta and coronary arteries and were associated with thin fibrous caps and high levels of plaque lipid content (Table 2 and Fig. 2 E-G). As we have previously observed (6) , the number of macrophage-derived foam cells (immunostained with the F4͞80 monoclonal antibody) decreased significantly in mice receiving PE training, especially in mice also receiving MT (Fig. 2 A-D) ; control immunohistochemistry without the primary antibody yielded no staining. The decrease of F4͞80 immunostaining correlated significantly with the reduction in atherosclerotic lesion area in the group of mice receiving PE training and MT (r ϭ 0.61, P Ͻ 0.01), whereas the decrease in total plasma cholesterol in groups of mice receiving PE was only poorly correlated with atherosclerotic lesion size detected at the time of death (r ϭ 0.22, P value not significant), suggesting that the decreased vascular inflammation was related to the improvement in the treated mice. As previously reported (6), early graduated PE also stimulated arterial enzymatic activities of catalase, glutathione peroxidase, and manganese superoxide dismutase (Fig. 3) . Moreover, PE increased arterial endothelial NO synthase (eNOS) expression over time, especially in the group receiving MT with antioxidants and L-arginine (Fig. 4) . At 10 months, band density was 2.4 Ϯ 0.7-fold increased in the group receiving a HFD and MT (HFDϩMT group), 2.1 Ϯ 0.5-fold increased in the group receiving a HFD and PE (HFDϩPE group), and 2.9 Ϯ 0.6-fold increased in the group receiving a HFD, PE, and MT (HFDϩPEϩMT group) when compared to the group receiving HFD alone (P Ͻ 0.01 and P Ͻ 0.005 vs. HFD). This effect also was maintained at 16 months [band density was increased 1.7 Ϯ 0.5-fold in the HFDϩMT group, 2.4 Ϯ 0.5-fold in the HFDϩPE group, and 2.7 Ϯ 0.5-fold in the HFDϩPEϩMT group when compared with the group receiving HFD alone (P Ͻ 0.05 and P Ͻ 0.01 vs. HFD)]. The increase in eNOS expression correlated with NOx levels and, importantly, with the reduction in atherosclerotic lesion area in the HFDϩPEϩMT group (r ϭ 0.55 and P Ͻ 0.02 and r ϭ 0.62 and P Ͻ 0.01, respectively).
Effects of PE and MT on Survival of Mice. Taken together, the beneficial effects of the early combined program with graduated PE and MT prolonged survival of mice compared with untreated mice (Fig. 5) .
Discussion
In the present study, we tested the hypothesis that early administration of a graduated PE program together with MT achieved with antioxidants and L-arginine could be beneficial against long-term effects induced by atherosclerosis. By using male hypercholesterolemic mice on a HFD, we have shown that this combined treatment reduced unstable atheroma and plaque rupture and, more importantly, that this vasculoprotective effect was coupled to prolonged survival of treated animals. Moreover, oxidative stress was reduced, and eNOS expression was increased in the aorta of these animals. Despite increased understanding of risk factors and pathogenic mechanisms for atherosclerosis-related diseases, such diseases remain nearly endemic in Western society (22, 23) . Nevertheless, despite the high prevalence, only a fraction of those with the disease progress to develop a frank myocardial infarction (22, 23) , possibly because of other factors that contribute to atherogenesis. Over the past decade, it has become clear that vascular inflammation plays an important role in the pathogenesis of coronary heart disease (22) (23) (24) . Inflammatory arterial disease therefore may be a more appropriate term for the subset of patients that develop the serious adverse clinical consequences related to the rupture of the intracoronary plaque. Accordingly, it is important to note that several autoptic studies have shown that a substantial number of victims of sudden coronary death show superficial plaque erosion without plaque rupture (22, 23) . In addition to rupture or erosion of an atherosclerotic plaque, the occurrence, composition and size of Results reflect the cumulative of all mice at the time of death. Results are given as the number per total number of mice for the following parameters: aortic plaque rupture associated with death; atherosclerosis in two or more coronary arteries; mice with lesions with severity between 50% and 75% and more severe than 75%; coronary plaque rupture; and intraluminal coronary thrombus. Also shown are the number of buried fibrous caps per animal, the fibrous cap thickness in micrometers, the percentage of plaque liipid content, and the plaque area in squared micrometers ϫ10 3 . * , P Ͻ 0.05 vs. HFD; †, P Ͻ 0.001 vs. HFD; ‡, P Ͻ 0.05 vs. HFD ϩ PE. . ) (E-G) An example of complex vulnerable aortic plaque (E), higher magnification of a plaque erosion (F) (arrows), and the plaque rupture site (arrow) with an occlusive thrombus (G) in aging mice (16 -18 months) receiving HFD. (Magnifications: E, ϫ400; F, ϫ1,000; G, ϫ240.) a thrombus are regulated by mechanical hemodynamic effects, the thrombogenicity of the arterial surface, the relative concentration of cellular blood components, and the efficiency of fibrinolysis (10, 22, 23) . Thus, attention needs to be focused on effective treatments able to reduce plaque instability. The loss of integrity of the vascular wall in plaque thrombosis may depend on an immunoinflammatory response directed against it (22) (23) (24) . In other words, plaque thrombosis would be the result of a failure in the regulation of the blood-vessel interface. The key to such regulatory mechanisms is intercellular communication (10, (22) (23) (24) .
By developing animal models related to plaque vulnerability, particular emphasis is set on the atherosclerotic mouse model (25) (26) (27) (28) (29) . Overall, this model shows spontaneous plaque thrombosis and external interventions, such as chronic HFD have been used to increase the rate of plaque rupture͞thrombosis. With increased aging, spontaneous plaque thrombosis occurs in a substantial number of mice (25) (26) (27) (28) (29) . Usually, plaques with a thrombus showed reduced collagen content but increased lipid pool and enhanced inflammation as compared with ''stable'' nonthrombosed plaques, thus supporting the commonly used definition of ''vulnerable plaques'' in hypercholesterolemic mice. The atherosclerotic process in the mouse model is not histologically identical to that in humans. Therefore, animals and humans might not respond exactly the same to therapeutic intervention. Nevertheless, in a recent study (28) , the use of pravastatin, a hypocholesterolemic drug able to reduce cardiovascular events in humans (reviewed in ref. 29) , reduced unstable atheroma and death in hypercholesterolemic mice as well, suggesting similar disease mechanisms.
The benefits of early graduated PE on the survival of mice observed in the present study can be attributed to an induction of aortic antioxidant defenses and eNOS expression and the reduction in atherosclerotic lesion progression at 10 months, detected both noninvasively by MRI and by histology at the time of death. Moreover, the present study also indicates that concurrent MT with antioxidants and L-arginine can elicit additional beneficial effects in mice receiving graduated PE training by further inhibiting vulnerable plaque and thrombosis. Progressive adaptation to graduated PE may therefore represent an economical therapy to preserve health and diminish the rate of decline of the physiological processes associated with aging. Interestingly, caloric restriction, an approach able to reduce cardiovascular aging (30, 31) , also promotes the expression of eNOS (32) .
Clinical studies have shown that severe PE can lead to the generation of more free radicals than the endogenous antioxidant systems can scavenge, whereas moderate intensity aerobic PE improves endothelial function and reduces cardiovascular risk (8, 9) . Several highly plausible protective mechanisms have been postulated, including decreased myocardial oxygen demand, increased myocardial oxygen supply, reduced propensity toward ventricular arrhythmias, reduced platelet aggregation, improved lipid profile, and increased plasma fibrinolytic activity (8, 9) . Despite the substantial body of literature, pathogenic mechanisms at the cellular and molecular level by which PE might benefit vascular diseases are poorly understood. However, it is conceivable that arterial cells can be affected by multiple signal transduction events promoted by early graduated PE. Short-term oral administration of L-arginine improved hemodynamics and PE capacity in patients with precapillary pulmonary hypertension (33) and enhanced myocardial perfusion in coronary heart disease patients (34) (35) (36) (37) (38) (39) . In addition, oral Larginine supplementation enhanced the beneficial effect of PE training on endothelial dysfunction in patients with chronic heart failure (40) . To date, we need to establish whether protective effects by dietary supplementation can reverse the natural history of atherogenesis, endothelial dysfunction, vascular inflammation, and oxidative stress in humans (41) (42) (43) . Consistently, in a recent study (44) , experimental data obtained in a large animal model of atherosclerosis (i.e., rabbit) L-citrulline and L-arginine supplementation retarded the progression of high-cholesterol-diet-induced atherosclerosis. However, the proatherogenic network represented by vascular inflammation and oxidative stress should be prevented clinically earlier than previously assumed given that the development of atherogenesis starts during fetal development (11, 12, 45) . A large number of studies have provided data suggesting that consumption of dietary antioxidants is associated with reduced risk for cardiovascular disease, but prospective studies provided conflicting results in terms of beneficial effects of antioxidants on the reduction of cardiovascular events (reviewed in refs. 7, 29, and 43). Unfortunately, most of these clinical studies were conducted in patients with advanced atherosclerotic lesions, and, under these conditions, antioxidants may have reduced protective effects. Similarly, we need to evaluate the impact of early moderate PE on the long-term development of atherosclerosis and unstable atheroma in humans. The present study suggests that the primary prevention of atherosclerosis-related diseases in humans can be affected therapeutically through an early implementation of a balanced program of moderate PE and appropriate MT with antioxidants plus L-arginine. To this regard, a very recent study (46) shows the feasibility of optical coherence tomography to identify the components of vulnerable plaques in a murine model of human atherosclerosis. This protocol holds promise for the identification of features defining vulnerable plaque including fibrous cap thickness, lipid core size, and the percentage of lipid content. We selected only male mice to avoid gender-related differences (6, 47, 48) . Based on a previous study (6) , mice were randomized to one of two dietary interventions: (i) HFD, containing (by weight) 21% fat, 0.15% cholesterol, and 19.5% casein (Harlan Teklad, Madison, WI) (6, 47, 48) or (ii) HFDϩMT, with 1.0% vitamin E added to the chow and 0.05% vitamin C added to the drinking water and with 6% L-arginine added to the drinking water. In each dietary regimen, mice were assigned randomly to either PE or continued standard activity. Graduated training consisted of a progressive swimming program (as described in ref. 6 ). The study protocol was administered until death, and mice that had experienced sudden death were immediately removed and processed for histological examination. In a subset of mice (n ϭ 8, at 10 months of age) for each group, morphology of thoracic aorta was estimated noninvasively by magnetic resonance imaging (MRI) according to the method developed by Wiesmann et al. (49) , in which comparison of MRI measurements with corresponding cross-sectional histopathology showed excellent agreement of aortic vessel wall area (49) . Briefly, MRI experiments were performed during isoflurane anesthesia [1.5-2.0% (vol͞vol) with 1 liter of oxygen flow] on a 7-T horizontal bore MRI scanner equipped with a microscopic system allowing for maximal gradient strength of 870 mT͞m and a rise time of 280 s at complete switching (49) . MRI parameters were optimized for visualization of the thoracic aorta. Black blood image acquisition was gated to midsystole, allowing for suppression of blood signals, and sets of eight slices of 300-m thickness were acquired in a total time of 15 min (49). Vessel wall cross-sectional area in each image slice was calculated as total vessel area minus luminal vessel area (area measurements were given in squared millimeters).
Preparation of Arterial Samples, Western Blot Analysis, Immunohistochemistry, and Enzyme Measurements. The aorta was continuously soaked with PBS containing 10 g͞ml aprotinin and 0.1 mmol͞liter PMSF from the time of the dissection until the determination of the lesion area was completed (as described refs. 6, 47, and 48). A 2-mm cross section was saved for immunohistochemical analysis. Tissue sections (5 m) were blocked for endogenous peroxidase activity by 15-min incubation with 10% H 2 O 2 in methanol. Slides were incubated with 3% BSA for 30 min, and then with the F4͞80 antibody against macrophage-derived foam cells (1 h at room temperature; 1:100 dilution) (47, 48) . The primary antibody was detected with horseradish peroxidase-conjugated goat antibody to rabbit IgG (1:100 dilution in 3% BSA-PBS) as described in refs. 6, 47, and 48. Slices (250 m thick) were used for quantification of collagen content by picrosirius red staining and polarized light microscopy analysis and for evaluation of cellular͞extracellular components of plaques by Masson's trichrome staining and platelet immunohistochemistry (DAKO), as described in ref. 50 . Tissue activities of the oxygen-radical scavengers glutathione peroxidase, catalase, and manganese superoxide dismutase were determined spectrophotometrically (6) . All enzymatic activities were normalized for protein content. The remainder of the aorta was homogenized for further determination of eNOS protein expression (Western blot) by using a rabbit polyclonal eNOS antibody (1:500 dilution for 1.5 h at room temperature) (6, 47, 48) .
Evaluation of Oxidative Stress and NOx Levels. Blood was collected at death in Eppendorf tubes containing 1 mM Na 2 EDTA. Plasma cholesterol was determined enzymatically (6) . Vitamins E and C concentrations in plasma were determined by HPLC (6).
Plasma LDL (d ϭ 1.006-1.063 g͞ml) were isolated by sequentialdensity ultracentrifugation (6, 48) . The formation of thiobarbituric acid reactive substances was determined by thiobarbituric acid (6) , and isoprostane 8-epi-PGF 2␣ purified from plasma samples was measured by immunoassay (Cayman Chemical, Ann Arbor, MI) (6, 48) . Finally, plasma NOx levels were measured with Griess reagent (Calbiochem).
Statistical Analysis. Results are expressed as mean Ϯ SD. The difference among groups was evaluated by a one-or two-factor ANOVA by two independent investigators in a blinded fashion regarding treatment of mice. Statistical significance was accepted at P Ͻ 0.05. Comparison of survival curves was made by the Kaplan and Meier calculation procedures.
